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A search for inelastic boosted dark matter (iBDM) using the COSINE-100 detector with 59.5 days
of data is presented. This relativistic dark matter is theorized to interact with the target material
primarily through inelastic scattering with electrons, creating a heavier state that subsequently
produces standard model particles, such as an electron-positron pair. In this study, we search for
this electron-positron pair in coincidence with the initially scattered electron as a signature for an
iBDM interaction. No excess over the predicted event rate is observed. Therefore, we present limits
on iBDM interactions under various hypotheses. This is the first experimental search for these
interactions from the Galactic Center using a dark matter detector.
A number of astrophysical observations provide evi-
dence that the dominant matter component of the uni-
verse is not ordinary matter, but rather non-baryonic
dark matter [1, 2]. A tremendous effort to search for
dark matter has been pursued by direct detection exper-
iments [3–5], indirect detection experiments [6–8], and
collider experiments [9–11] with no success [12]. This
motivates searches for new types of dark matter such
as light [13–15] or relativistically boosted dark mat-
ter (BDM) [16–19] that would induce signatures in de-
tectors different from those of more standard dark mat-
ter particles. Because many of these new types of dark
matter would produce unconventional signatures within
a detector, less have been studied by typical dark matter
search experiments.
One newly suggested model is a relativistic dark mat-
ter that is boosted by annihilation of heavier dark mat-
ter particles in the Galactic Center or in the Sun. This
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would require at least two species of dark matter par-
ticles, denoted by χ0 and χ1 for the heavier and the
lighter dark matter particle, respectively [16, 20]. The
first direct search for BDM was performed with the
Super-Kamiokande detector by searching for energetic
electron recoil signals induced by an elastic scattering
of BDM [21].
In addition to the elastic scattering of BDM, inelas-
tic interactions in the recoil target are also possible. A
few studies suggest interesting search channels where the
scattered dark sector particle (denoted as χ2) is different
from the incoming χ1 [22, 23]. If χ2 is heavier than χ1,
the subsequent decay of χ2 into a lighter state with visi-
ble standard model particles, such as an electron-positron
pair, is possible [22–24].
In this Letter, we report the first direct search for an
inelastic boosted dark matter (iBDM) with the COSINE-
100 detector. COSINE-100 [25] is a dark matter search
experiment consisting of a 106 kg array of eight ultra-
pure NaI(Tl) crystals immersed in an active veto detector
composed of 2,200L of linear alkylbenzene (LAB)-based
liquid scintillator (LS). It is surrounded by a 3 cm thick
shield of oxygen-free copper, a 20 cm thick shield of lead,
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2and an array of plastic scintillation counters for muon
tagging [26].
The main purpose of the COSINE-100 experiment [25]
is to confirm or refute the long debated claim by the
DAMA collaboration of dark matter discovery, which
comes in the form of an annual modulation signal in
their array of low-background NaI(Tl) crystal detec-
tors [27, 28]. The modulation behavior is seen in event
rates with energies between 1 and 6 keV. The COSINE-
100 electronics and data acquisition system [29] are
mainly focused on such low energy event signals. How-
ever, it is equipped with additional readout channels from
5th-stage dynodes of the PMTs that allow an extended
dynamic range up to approximately 5MeV for each crys-
tal. Moreover, the 2,200L of LS can act as an active
detection volume that effectively creates a ton-scale de-
tector for iBDM interactions. Data obtained between 20
October 2016 and 19 December 2016 are used for this
search with a total exposure of 59.5 live days.
The COSINE-100 experiment uses eight low-
background NaI(Tl) crystals that are cylindrical in
shape but of different dimensions [25, 30]. The crystals
are encapsulated within a cylindrical copper structure
with a quartz window at each end. A 3-inch Hamamatsu
R12669SEL photomultiplier (PMT) selected for high
quantum efficiency is attached at each end of the
cylinder. Signals from each crystal PMT are amplified
by custom-made preamplifiers where the high-gain
anode signal is amplified by a factor of 30 and the
low-gain signal from the 5th-stage dynode is amplified
by a factor of 100. The amplified signals are digitized
by 500 megasample per second flash analog-to-digital
converters.
These crystals are immersed in the LAB-LS to reject
backgrounds both internal and external to the crystal
detectors by an anti-coincidence requirement [31]. The
LAB-LS is contained in an acrylic box wrapped with
specular reflective Mylar for better light collection. Scin-
tillation photon signals from the LAB-LS are collected
with eighteen 5-inch Hamamatsu PMTs (R877) that are
attached to two opposing sides of the acrylic box. Sig-
nals from the PMTs are amplified by a factor of 30 and
are digitized by a charge-sensitive analog-to-digital con-
verter.
An event is triggered when coincident single photoelec-
trons in both PMTs coupled to a single crystal are ob-
served within a 200 ns time window from the anode read-
out. If at least one crystal satisfies the trigger condition,
data from all other crystals and the LAB-LS are recorded.
The dynode signals from the crystals do not generate
triggers. The LAB-LS signals also do not generate trig-
gers, except in the case of energetic muon events that
are coincident with one of the muon detector panels [29].
Energy scales for the high energy region in the NaI(Tl)
crystals and LS are calibrated with the 1465 keV γ line
and the 2614 keV γ line from 40K and 208Tl, respectively.
Geant4 [32]-based simulations are used to understand the
contribution of each background component [33, 34], as
well as to verify energy scales and resolutions.
In the Galactic Center, it is theorized that the boosted,
lighter χ1 is produced by the pair-annihilation of two
heavier χ0, as depicted in Fig. 1 (a), with a total flux [16]
F = 1.6× 10−4cm−2s−1
(
< σv >0→1
5× 10−26cm3s−1
)(
GeV
m0
)2
,
(1)
where the reference value for < σv >0→1, or the velocity-
averaged annihilation cross section of χ0χ0 → χ1χ1, cor-
responds to a correct dark matter thermal relic density
for χ0 that is derived by a so-called “assistant” freeze-out
mechanism [20] assuming Dirac dark matter with NFW
halo profile [35] and m0 denotes the mass of χ0. The rel-
ativistic χ1 travels and interacts with terrestrial detector
elements either elastically or inelastically. We consider
χ1 e
− interactions from inelastic channel via a mediator
X exchange where the scattered dark sector particle, χ2,
differs from the incoming χ1, i.e., χ1e
−
→ χ2e
−. Further-
more, we require the mass of χ2 (m2) to be heavier than
the mass of χ1 (m1) that χ2 subsequently decays into
χ1 with visible standard model particles such as e
−e+
pairs, i.e., χ2 → χ1e
−e+, mediated by X. Both on-shell
(mX less than m2-m1 where mX denotes the mass of X)
and off-shell (mX greater than m2-m1) decays of χ2 are
possible [23].
Considering the associated decay width of the three-
body decay, the χ2 decay length can vary by an order of
10 cm depending on mX , the mass of χ0 (m0), m1, m2,
and the mixing parameter between the standard model
particle and the dark sector particle (ǫ). Following the
calculation in Ref. [22, 23], an iBDM interaction would
generate primary and secondary electrons, and a positron
with an energy within the range 1MeV–500MeV in the
case of m0=1GeV/c
2. Due to the decay length of the cas-
cading electron and positron, two different interactions
can occur among the crystals and/or liquid scintillator,
resulting in multiple-site hits with deposited energies on
the order of 10MeV, as shown in Fig. 1 (b). Also, it is
highly likely that energetic e− or e+ produce a number of
Bremsstrahlung radiations that deposit energies on the
order of 1MeV. This also generates multiple-site hits as
one can see in Fig. 1 (c).
Event selections are based on the topology of iBDM
events. At first, we require the deposited energy in the LS
be greater than 4MeV. We then remove muon-induced
events that are tagged by the muon detector [26]. We de-
mand coincident hits in the NaI(Tl) crystals with a total
sum of deposited energies in all crystals to be greater than
4MeV. Finally, we reject α-induced events in the crystals
using a pulse shape discrimination method [30, 36]. To
summarize, the criteria for iBDM candidate events are:
1: Energy of LS > 4MeV
2: No selected muons from the muon detector
3: Total energy of the NaI(Tl) crystals > 4MeV
4: No α events in the NaI(Tl) crystals
3χ1χ0
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<latexit sha1_base64="XtGzF16h5eqE2ec7r2cNYhPNaFA= ">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4McxIQI9BLx4jmgWSMfR0apImPT1Dd48QhnyCFw+KePWLvPk3dhYhbg8KHu9VUVUvS ATXxnU/nNzS8srqWn69sLG5tb1T3N1r6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4OfGb96g0j+WtGSXoR7QvecgZNVa6wbuT brHkld0piPuLfFklmKPWLb53ejFLI5SGCap123MT42dUGc4EjgudVGNC2ZD2sW2ppBFqP5ueOiZHVumRMFa2pCFTdXEio5HWoyiw nRE1A/3Tm4h/ee3UhOd+xmWSGpRstihMBTExmfxNelwhM2JkCWWK21sJG1BFmbHpFBZD+J80TsueW/auK6XqxTyOPBzAIRyDB2d QhSuoQR0Y9OEBnuDZEc6j8+K8zlpzznxmH77BefsE6JqNiQ==</latexit><latexit sha1_base64="XtGzF16h5eqE2ec7r2cNYhPNaFA= ">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4McxIQI9BLx4jmgWSMfR0apImPT1Dd48QhnyCFw+KePWLvPk3dhYhbg8KHu9VUVUvS ATXxnU/nNzS8srqWn69sLG5tb1T3N1r6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4OfGb96g0j+WtGSXoR7QvecgZNVa6wbuT brHkld0piPuLfFklmKPWLb53ejFLI5SGCap123MT42dUGc4EjgudVGNC2ZD2sW2ppBFqP5ueOiZHVumRMFa2pCFTdXEio5HWoyiw nRE1A/3Tm4h/ee3UhOd+xmWSGpRstihMBTExmfxNelwhM2JkCWWK21sJG1BFmbHpFBZD+J80TsueW/auK6XqxTyOPBzAIRyDB2d QhSuoQR0Y9OEBnuDZEc6j8+K8zlpzznxmH77BefsE6JqNiQ==</latexit><latexit sha1_base64="XtGzF16h5eqE2ec7r2cNYhPNaFA= ">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4McxIQI9BLx4jmgWSMfR0apImPT1Dd48QhnyCFw+KePWLvPk3dhYhbg8KHu9VUVUvS ATXxnU/nNzS8srqWn69sLG5tb1T3N1r6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4OfGb96g0j+WtGSXoR7QvecgZNVa6wbuT brHkld0piPuLfFklmKPWLb53ejFLI5SGCap123MT42dUGc4EjgudVGNC2ZD2sW2ppBFqP5ueOiZHVumRMFa2pCFTdXEio5HWoyiw nRE1A/3Tm4h/ee3UhOd+xmWSGpRstihMBTExmfxNelwhM2JkCWWK21sJG1BFmbHpFBZD+J80TsueW/auK6XqxTyOPBzAIRyDB2d QhSuoQR0Y9OEBnuDZEc6j8+K8zlpzznxmH77BefsE6JqNiQ==</latexit><latexit sha1_base64="XtGzF16h5eqE2ec7r2cNYhPNaFA= ">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4McxIQI9BLx4jmgWSMfR0apImPT1Dd48QhnyCFw+KePWLvPk3dhYhbg8KHu9VUVUvS ATXxnU/nNzS8srqWn69sLG5tb1T3N1r6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4OfGb96g0j+WtGSXoR7QvecgZNVa6wbuT brHkld0piPuLfFklmKPWLb53ejFLI5SGCap123MT42dUGc4EjgudVGNC2ZD2sW2ppBFqP5ueOiZHVumRMFa2pCFTdXEio5HWoyiw nRE1A/3Tm4h/ee3UhOd+xmWSGpRstihMBTExmfxNelwhM2JkCWWK21sJG1BFmbHpFBZD+J80TsueW/auK6XqxTyOPBzAIRyDB2d QhSuoQR0Y9OEBnuDZEc6j8+K8zlpzznxmH77BefsE6JqNiQ==</latexit>
e−
<latexit sha1_base64="XtGzF16h5eqE2ec7r2cNYhPNaFA=">AA AB6nicdVDJSgNBEK2JW4xb1KOXxiB4McxIQI9BLx4jmgWSMfR0apImPT1Dd48QhnyCFw+KePWLvPk3dhYhbg8KHu9VUVUvSATXxnU/nNzS 8srqWn69sLG5tb1T3N1r6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4OfGb96g0j+WtGSXoR7QvecgZNVa6wbuTbrHkld0piPuLfFklmK PWLb53ejFLI5SGCap123MT42dUGc4EjgudVGNC2ZD2sW2ppBFqP5ueOiZHVumRMFa2pCFTdXEio5HWoyiwnRE1A/3Tm4h/ee3UhOd+xmWS GpRstihMBTExmfxNelwhM2JkCWWK21sJG1BFmbHpFBZD+J80TsueW/auK6XqxTyOPBzAIRyDB2dQhSuoQR0Y9OEBnuDZEc6j8+K8zlpzzn xmH77BefsE6JqNiQ==</latexit><latexit sha1_base64="XtGzF16h5eqE2ec7r2cNYhPNaFA=">AA AB6nicdVDJSgNBEK2JW4xb1KOXxiB4McxIQI9BLx4jmgWSMfR0apImPT1Dd48QhnyCFw+KePWLvPk3dhYhbg8KHu9VUVUvSATXxnU/nNzS 8srqWn69sLG5tb1T3N1r6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4OfGb96g0j+WtGSXoR7QvecgZNVa6wbuTbrHkld0piPuLfFklmK PWLb53ejFLI5SGCap123MT42dUGc4EjgudVGNC2ZD2sW2ppBFqP5ueOiZHVumRMFa2pCFTdXEio5HWoyiwnRE1A/3Tm4h/ee3UhOd+xmWS GpRstihMBTExmfxNelwhM2JkCWWK21sJG1BFmbHpFBZD+J80TsueW/auK6XqxTyOPBzAIRyDB2dQhSuoQR0Y9OEBnuDZEc6j8+K8zlpzzn xmH77BefsE6JqNiQ==</latexit><latexit sha1_base64="XtGzF16h5eqE2ec7r2cNYhPNaFA=">AA AB6nicdVDJSgNBEK2JW4xb1KOXxiB4McxIQI9BLx4jmgWSMfR0apImPT1Dd48QhnyCFw+KePWLvPk3dhYhbg8KHu9VUVUvSATXxnU/nNzS 8srqWn69sLG5tb1T3N1r6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4OfGb96g0j+WtGSXoR7QvecgZNVa6wbuTbrHkld0piPuLfFklmK PWLb53ejFLI5SGCap123MT42dUGc4EjgudVGNC2ZD2sW2ppBFqP5ueOiZHVumRMFa2pCFTdXEio5HWoyiwnRE1A/3Tm4h/ee3UhOd+xmWS GpRstihMBTExmfxNelwhM2JkCWWK21sJG1BFmbHpFBZD+J80TsueW/auK6XqxTyOPBzAIRyDB2dQhSuoQR0Y9OEBnuDZEc6j8+K8zlpzzn xmH77BefsE6JqNiQ==</latexit><latexit sha1_base64="XtGzF16h5eqE2ec7r2cNYhPNaFA=">AA AB6nicdVDJSgNBEK2JW4xb1KOXxiB4McxIQI9BLx4jmgWSMfR0apImPT1Dd48QhnyCFw+KePWLvPk3dhYhbg8KHu9VUVUvSATXxnU/nNzS 8srqWn69sLG5tb1T3N1r6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4OfGb96g0j+WtGSXoR7QvecgZNVa6wbuTbrHkld0piPuLfFklmK PWLb53ejFLI5SGCap123MT42dUGc4EjgudVGNC2ZD2sW2ppBFqP5ueOiZHVumRMFa2pCFTdXEio5HWoyiwnRE1A/3Tm4h/ee3UhOd+xmWS GpRstihMBTExmfxNelwhM2JkCWWK21sJG1BFmbHpFBZD+J80TsueW/auK6XqxTyOPBzAIRyDB2dQhSuoQR0Y9OEBnuDZEc6j8+K8zlpzzn xmH77BefsE6JqNiQ==</latexit>
e+
<latexit sha1_base64="orHzdKcUxInskCR3mpxf2wtWcHk="> AAAB6nicdVDJSgNBEK2JW4xb1KOXxiAIQpiRgB6DXjxGNAskY+jp1CRNenqG7h4hDPkELx4U8eoXefNv7CxC3B4UPN6roqpekAiuje t+OLml5ZXVtfx6YWNza3unuLvX0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwcuI371FpHstbM0rQj2hf8pAzaqx0g3cn3WLJK7tTE PcX+bJKMEetW3zv9GKWRigNE1Trtucmxs+oMpwJHBc6qcaEsiHtY9tSSSPUfjY9dUyOrNIjYaxsSUOm6uJERiOtR1FgOyNqBvqnNxH /8tqpCc/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKSyG8D9pnJY9t+xdV0rVi3kceTiAQzgGD86gCldQgzow6MMDPM GzI5xH58V5nbXmnPnMPnyD8/YJ5ZKNhw==</latexit><latexit sha1_base64="orHzdKcUxInskCR3mpxf2wtWcHk="> AAAB6nicdVDJSgNBEK2JW4xb1KOXxiAIQpiRgB6DXjxGNAskY+jp1CRNenqG7h4hDPkELx4U8eoXefNv7CxC3B4UPN6roqpekAiuje t+OLml5ZXVtfx6YWNza3unuLvX0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwcuI371FpHstbM0rQj2hf8pAzaqx0g3cn3WLJK7tTE PcX+bJKMEetW3zv9GKWRigNE1Trtucmxs+oMpwJHBc6qcaEsiHtY9tSSSPUfjY9dUyOrNIjYaxsSUOm6uJERiOtR1FgOyNqBvqnNxH /8tqpCc/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKSyG8D9pnJY9t+xdV0rVi3kceTiAQzgGD86gCldQgzow6MMDPM GzI5xH58V5nbXmnPnMPnyD8/YJ5ZKNhw==</latexit><latexit sha1_base64="orHzdKcUxInskCR3mpxf2wtWcHk="> AAAB6nicdVDJSgNBEK2JW4xb1KOXxiAIQpiRgB6DXjxGNAskY+jp1CRNenqG7h4hDPkELx4U8eoXefNv7CxC3B4UPN6roqpekAiuje t+OLml5ZXVtfx6YWNza3unuLvX0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwcuI371FpHstbM0rQj2hf8pAzaqx0g3cn3WLJK7tTE PcX+bJKMEetW3zv9GKWRigNE1Trtucmxs+oMpwJHBc6qcaEsiHtY9tSSSPUfjY9dUyOrNIjYaxsSUOm6uJERiOtR1FgOyNqBvqnNxH /8tqpCc/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKSyG8D9pnJY9t+xdV0rVi3kceTiAQzgGD86gCldQgzow6MMDPM GzI5xH58V5nbXmnPnMPnyD8/YJ5ZKNhw==</latexit><latexit sha1_base64="orHzdKcUxInskCR3mpxf2wtWcHk="> AAAB6nicdVDJSgNBEK2JW4xb1KOXxiAIQpiRgB6DXjxGNAskY+jp1CRNenqG7h4hDPkELx4U8eoXefNv7CxC3B4UPN6roqpekAiuje t+OLml5ZXVtfx6YWNza3unuLvX0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwcuI371FpHstbM0rQj2hf8pAzaqx0g3cn3WLJK7tTE PcX+bJKMEetW3zv9GKWRigNE1Trtucmxs+oMpwJHBc6qcaEsiHtY9tSSSPUfjY9dUyOrNIjYaxsSUOm6uJERiOtR1FgOyNqBvqnNxH /8tqpCc/9jMskNSjZbFGYCmJiMvmb9LhCZsTIEsoUt7cSNqCKMmPTKSyG8D9pnJY9t+xdV0rVi3kceTiAQzgGD86gCldQgzow6MMDPM GzI5xH58V5nbXmnPnMPnyD8/YJ5ZKNhw==</latexit>
??
X
<latexit sha1_base64="hf6hOeTjseL13iz+i/MO/ptaY5E=">AAAB6Hic bVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fi kreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2R2UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfq oxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15X XSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtbmM3A==</latexit><latexit sha1_base64="hf6hOeTjseL13iz+i/MO/ptaY5E=">AAAB6Hic bVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fi kreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2R2UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfq oxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15X XSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtbmM3A==</latexit><latexit sha1_base64="hf6hOeTjseL13iz+i/MO/ptaY5E=">AAAB6Hic bVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fi kreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2R2UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfq oxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15X XSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtbmM3A==</latexit><latexit sha1_base64="hf6hOeTjseL13iz+i/MO/ptaY5E=">AAAB6Hic bVBNS8NAEJ3Ur1q/qh69LBbBU0lEqMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fi kreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1Fip2R2UK27VXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfq oxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15X XSvqp6btVrXlfqt3kcRTiDc7gED2pQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AtbmM3A==</latexit>
??
χ2
<latexit sha1_base64="YwzYs8iSNUw3Frzh8lAS+QtKeHE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY9BLx4jmAck S5idTJIxszPLTK8QlvyDFw+KePV/vPk3Th6IJhY0FFXddHdFiRQWff/Ly62tb2xu5bcLO7t7+wfFw6OG1alhvM601KYVUculULyOAiVvJYbTOJK8GY1upn7zkRsrtLrHccLDmA6U6AtG0UmNDhuKbqVbLPllfwbyQ4JlUoIFat3iZ6enWRpzhUxSa9uBn2CYUYOCST4 pdFLLE8pGdMDbjioacxtms2sn5MwpPdLXxpVCMlN/T2Q0tnYcR64zpji0y95U/M9rp9i/CjOhkhS5YvNF/VQS1GT6OukJwxnKsSOUGeFuJWxIDWXoAiq4EFZeXiWNSjnwy8HdRal6vYgjDydwCucQwCVU4RZqUAcGD/AEL/Dqae/Ze/Pe5605bzFzDH/gfXwDKlCO2A= =</latexit><latexit sha1_base64="YwzYs8iSNUw3Frzh8lAS+QtKeHE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY9BLx4jmAck S5idTJIxszPLTK8QlvyDFw+KePV/vPk3Th6IJhY0FFXddHdFiRQWff/Ly62tb2xu5bcLO7t7+wfFw6OG1alhvM601KYVUculULyOAiVvJYbTOJK8GY1upn7zkRsrtLrHccLDmA6U6AtG0UmNDhuKbqVbLPllfwbyQ4JlUoIFat3iZ6enWRpzhUxSa9uBn2CYUYOCST4 pdFLLE8pGdMDbjioacxtms2sn5MwpPdLXxpVCMlN/T2Q0tnYcR64zpji0y95U/M9rp9i/CjOhkhS5YvNF/VQS1GT6OukJwxnKsSOUGeFuJWxIDWXoAiq4EFZeXiWNSjnwy8HdRal6vYgjDydwCucQwCVU4RZqUAcGD/AEL/Dqae/Ze/Pe5605bzFzDH/gfXwDKlCO2A= =</latexit><latexit sha1_base64="YwzYs8iSNUw3Frzh8lAS+QtKeHE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY9BLx4jmAck S5idTJIxszPLTK8QlvyDFw+KePV/vPk3Th6IJhY0FFXddHdFiRQWff/Ly62tb2xu5bcLO7t7+wfFw6OG1alhvM601KYVUculULyOAiVvJYbTOJK8GY1upn7zkRsrtLrHccLDmA6U6AtG0UmNDhuKbqVbLPllfwbyQ4JlUoIFat3iZ6enWRpzhUxSa9uBn2CYUYOCST4 pdFLLE8pGdMDbjioacxtms2sn5MwpPdLXxpVCMlN/T2Q0tnYcR64zpji0y95U/M9rp9i/CjOhkhS5YvNF/VQS1GT6OukJwxnKsSOUGeFuJWxIDWXoAiq4EFZeXiWNSjnwy8HdRal6vYgjDydwCucQwCVU4RZqUAcGD/AEL/Dqae/Ze/Pe5605bzFzDH/gfXwDKlCO2A= =</latexit><latexit sha1_base64="YwzYs8iSNUw3Frzh8lAS+QtKeHE=">AAAB7XicbVDLSgNBEOyNrxhfUY9eBoPgKewGQY9BLx4jmAck S5idTJIxszPLTK8QlvyDFw+KePV/vPk3Th6IJhY0FFXddHdFiRQWff/Ly62tb2xu5bcLO7t7+wfFw6OG1alhvM601KYVUculULyOAiVvJYbTOJK8GY1upn7zkRsrtLrHccLDmA6U6AtG0UmNDhuKbqVbLPllfwbyQ4JlUoIFat3iZ6enWRpzhUxSa9uBn2CYUYOCST4 pdFLLE8pGdMDbjioacxtms2sn5MwpPdLXxpVCMlN/T2Q0tnYcR64zpji0y95U/M9rp9i/CjOhkhS5YvNF/VQS1GT6OukJwxnKsSOUGeFuJWxIDWXoAiq4EFZeXiWNSjnwy8HdRal6vYgjDydwCucQwCVU4RZqUAcGD/AEL/Dqae/Ze/Pe5605bzFzDH/gfXwDKlCO2A= =</latexit>
χ1 e−
<latexit sha1_base64="XtGzF16h5eqE2ec7r2cNYhPNaFA=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4McxIQI9BLx4jmgWS MfR0apImPT1Dd48QhnyCFw+KePWLvPk3dhYhbg8KHu9VUVUvSATXxnU/nNzS8srqWn69sLG5tb1T3N1r6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4OfGb96g0j+WtGSXoR7QvecgZNVa6wbuTbrHkld0piPuLfFklmKPWLb53ejFLI5SGCap123MT42dUGc4Ejg udVGNC2ZD2sW2ppBFqP5ueOiZHVumRMFa2pCFTdXEio5HWoyiwnRE1A/3Tm4h/ee3UhOd+xmWSGpRstihMBTExmfxNelwhM2JkCWWK21sJG1BFmbHpFBZD+J80TsueW/auK6XqxTyOPBzAIRyDB2dQhSuoQR0Y9OEBnuDZEc6j8+K8zlpzznxmH77BefsE6JqNiQ== </latexit><latexit sha1_base64="XtGzF16h5eqE2ec7r2cNYhPNaFA=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4McxIQI9BLx4jmgWS MfR0apImPT1Dd48QhnyCFw+KePWLvPk3dhYhbg8KHu9VUVUvSATXxnU/nNzS8srqWn69sLG5tb1T3N1r6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4OfGb96g0j+WtGSXoR7QvecgZNVa6wbuTbrHkld0piPuLfFklmKPWLb53ejFLI5SGCap123MT42dUGc4Ejg udVGNC2ZD2sW2ppBFqP5ueOiZHVumRMFa2pCFTdXEio5HWoyiwnRE1A/3Tm4h/ee3UhOd+xmWSGpRstihMBTExmfxNelwhM2JkCWWK21sJG1BFmbHpFBZD+J80TsueW/auK6XqxTyOPBzAIRyDB2dQhSuoQR0Y9OEBnuDZEc6j8+K8zlpzznxmH77BefsE6JqNiQ== </latexit><latexit sha1_base64="XtGzF16h5eqE2ec7r2cNYhPNaFA=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4McxIQI9BLx4jmgWS MfR0apImPT1Dd48QhnyCFw+KePWLvPk3dhYhbg8KHu9VUVUvSATXxnU/nNzS8srqWn69sLG5tb1T3N1r6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4OfGb96g0j+WtGSXoR7QvecgZNVa6wbuTbrHkld0piPuLfFklmKPWLb53ejFLI5SGCap123MT42dUGc4Ejg udVGNC2ZD2sW2ppBFqP5ueOiZHVumRMFa2pCFTdXEio5HWoyiwnRE1A/3Tm4h/ee3UhOd+xmWSGpRstihMBTExmfxNelwhM2JkCWWK21sJG1BFmbHpFBZD+J80TsueW/auK6XqxTyOPBzAIRyDB2dQhSuoQR0Y9OEBnuDZEc6j8+K8zlpzznxmH77BefsE6JqNiQ== </latexit><latexit sha1_base64="XtGzF16h5eqE2ec7r2cNYhPNaFA=">AAAB6nicdVDJSgNBEK2JW4xb1KOXxiB4McxIQI9BLx4jmgWS MfR0apImPT1Dd48QhnyCFw+KePWLvPk3dhYhbg8KHu9VUVUvSATXxnU/nNzS8srqWn69sLG5tb1T3N1r6DhVDOssFrFqBVSj4BLrhhuBrUQhjQKBzWB4OfGb96g0j+WtGSXoR7QvecgZNVa6wbuTbrHkld0piPuLfFklmKPWLb53ejFLI5SGCap123MT42dUGc4Ejg udVGNC2ZD2sW2ppBFqP5ueOiZHVumRMFa2pCFTdXEio5HWoyiwnRE1A/3Tm4h/ee3UhOd+xmWSGpRstihMBTExmfxNelwhM2JkCWWK21sJG1BFmbHpFBZD+J80TsueW/auK6XqxTyOPBzAIRyDB2dQhSuoQR0Y9OEBnuDZEc6j8+K8zlpzznxmH77BefsE6JqNiQ== </latexit>
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FIG. 1. (a) Production of relativistic BDM χ1 in the Galactic Center by annihilation of a heavier dark matter χ0. (b)
Illustration of multiple-site hits from an inelastic interaction of BDM for the case of two interactions occurring in two different
NaI(Tl) and LS detectors. (c) Illustration of Bremsstrahlung radiation-induced hits on the two NaI(Tl) or LS detectors (c).
After applying these event selection criteria, we ob-
serve 21 candidate events from the 59.5 days of the
COSINE-100 data. Our study shows that a dominant
background contribution is due to muons that pass di-
rectly through one side of the muon detector and stop
in the LS or crystals. The muon detector’s coverage is
almost 4π, as there are a total of 37 panels attached to
the six sides of the detector. The panels are spaced as
closely as possible; however, small gaps between panels
are inevitable because of the thickness of the materials
used to wrap the panels [26]. In the muon event selection,
we tagged events as muon candidate events when a coin-
cident signal between at least one of the muon panels and
the LS is detected. However, if a muon passes through
a gap between panels and stops in the LS or crystals, it
cannot be tagged.
To understand the missed-tag rate of the muon detec-
tor, we studied one specific type of muon candidate event
that is tagged by a coincident signal between the bottom-
side muon panels and the LS. Though such a signal could
be induced by an upward-going muon, because the rate of
upward-going muons is extremely small [37], most of the
selected candidate events are actually downward-going
muons that have passed through another side of the muon
detector untagged. We estimate the untagged muon ra-
tio (runtag) as the following equation,
runtag =
Nbottom−LS
Nbottom−ALL
, (2)
whereNbottom−LS is the number of tagged muons selected
by only the bottom-side panels and LS coincidence, and
Nbottom−ALL is all tagged muons with hits in the bottom-
side panels. We obtain runtag=2.14±0.21%. To deter-
mine the expected background rate from muon events,
we select the so called iBDM muon candidate events.
These events require the same selection criteria on the
LS and NaI(Tl) crystals used for the iBDM candidate
selection, but also require muon tagging by the muon de-
tector [26]. The selected iBDM muon candidate events
are multiplied by runtag[38] which gives an expected back-
ground of 16.4±2.1 events. This is consistent with the 21
events observed in COSINE-100.
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FIG. 2. Spectrum of the summed energy from all crys-
tals (filled circle) compared with the expected background
(solid histogram). Contributions to the background from
muon and β/γ events caused by radionuclide contaminations
are indicated. In the region of interest (energy greater than
4 MeV), muons are the only contribution.
Figure 2 shows the summed energy from all NaI(Tl)
crystals after application of all selection criteria but with
no requirement on the amount of energy observed in the
crystals. Below 3MeV, the main background contribu-
tion is from β and γ rays originating in the detector and
the surrounding materials. This background has been
previously studied and is well understood [34]. We model
the background of the muons by using the iBDM muon
4candidate events that are reweighted with runtag using
the physics data. As one can see in Fig. 2, our data
are consistent with the known background contributions
within statistical uncertainty. In the region of interest
(ROI), the muon-induced background is likely the only
contribution.
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FIG. 3. Comparison of the event rate as a function of the
crystal multiplicity in data with energy greater than 3MeV
(open circle) and the expected background from muons (solid
line). The expected signal shapes for two different model
parameters (dotted line and dashed line) are also shown. For
easy comparison of the shapes, the dotted line and dashed
line spectra are multiplied by a factor 7 and 3, respectively.
Because of this background contamination in the ROI,
we examine parameters that demonstrate discrimination
power between the muon background and iBDM induced
signal. The summed energy of the crystals was a can-
didate, but a limited dynamic range beyond 5MeV for
each crystal makes it difficult to calibrate the energy
spectrum in this region. Instead of the summed energy,
we employ a crystal multiplicity selection that counts
the number of crystals with energy depositions greater
than 3MeV. For comparison of various model parame-
ters, we generate iBDM signals following the calculations
in Ref. [22, 23] with same model setup. Here, we assume
< σv >0→1= 5 × 10
−26cm3s−1 in Eq. 1 and fermionic
dark matter. We consider a few choices of the iBDM
model parameters (γ1=m0/m1, m2, mX , and ǫ). These
events are then processed through the COSINE-100 de-
tector simulation and the output events are subjected to
the same selection criteria that are applied to the data.
In Fig. 3, the event rate of the data as a function of crys-
tal multiplicity is compared with that of the muon back-
ground as well as the theorized event rate from iBDM-
induced signals for two different sets of model parame-
ters. As one can see in the plot, the data are in good
agreement with the muon background while the iBDM-
induced signals can show a noticeable shape difference
depending on the model parameters, especially with the
kinetic energies of the charged electrons and positron in
the primary and secondary interactions.
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FIG. 4. Measured 90% CL upper limits from 59.5 days of
COSINE-100 data in the Lmaxlab -σ plane are presented for three
different benchmark models. These results are compared with
the experimental sensitivities of XENON1T with 34.2 days
data [39] and DEAP-3600 with 4.4 days data [40] calculated
in Ref. [23].
We express our results in the plane of Lmaxlab -σ, where
Lmaxlab is the maximum mean decay length of the longest-
lived particle, either χ2 or X, and σ is the cross-section
of the primary χ1e interaction. This is introduced in
Ref. [23] for model independent comparison between ex-
isting and planned experiments of liquid Xe or Ar. In
this case, they assume no background events if two tracks
were produced in the fiducial volume with Lmaxlab greater
than the position resolution of each experiment. We con-
sider three different cases to represent our results where
we have fixed the parameters of all dark sector particles in
each case. Because Lmaxlab depends on (1/ǫ)
2, five different
Lmaxlab points (5 cm, 10 cm, 100 cm, 1,000 cm, 10,000 cm)
have been scanned by simulating events with various val-
ues of ǫ. These events are also processed through the de-
tector simulation and the event selection. To search for
the iBDM-induced events, binned maximum likelihood
fits to the measured crystal multiplicity are performed for
the assumed signals. The Bayesian Analysis Toolkit [41]
is used with probability density functions that are based
on shapes of the simulated iBDM signal spectra and the
muon background. Uniform priors are used for both the
signals and the background. The systematic uncertain-
ties from energy scales and resolutions are included in
the fits as nuisance parameters.
Data fits are performed for each of the signal models
and we find no excess of events that could be induced
by iBDM interactions. The posterior probabilities of sig-
nal are consistent with zero in all cases and 90% confi-
dence level (CL) limits are obtained. Figure 4 shows the
resulting limits from three different choices of the dark
matter mass parameters. They are compared with the
experimental sensitivities of XENON1T (34.2 days) [39]
and DEAP-3600 (4.4 days) [40] estimated with zero back-
5ground assumption [23]. Benefiting from the large effec-
tive volume of the LS, measured limits from the COSINE-
100 data are comparable with those of the ton-scale dark
matter detectors’ sensitivities. In particular, stronger
limits at a larger Lmaxlab and heavier χ0 (corresponding
to a larger boosting of χ1) are obtained. With a larger
Lmaxlab , the secondary decay may not happen in the detec-
tor volume. However, the modular crystal configuration
of COSINE-100 is advantageous in terms of recording
more multiple-site hits from Bremsstrahlung radiation.
The rate of Bremsstrahlung radiation is enhanced by the
higher energy charged particles that occur with a larger
γ1.
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FIG. 5. Measured 90% CL upper limits (lines) from 59.5 days
of COSINE-100 data in terms of the mX and ǫ parameters
assuming the mediator to be a dark photon are presented for
three different benchmark models. These results are com-
pared with the currently excluded parameter space (shaded
region) from direct dark photon search experiments.
It is possible to interpret this result in the context of
the dark photon phenomenology by assuming that the in-
teraction between the standard model particles and the
dark sector particles is mediated by a dark photon. This
is interesting because it allows results obtained from this
analysis to be compared with other dark photon searches,
which are typically expressed in terms of the parameters
mX and ǫ. In our analysis, we generate signals from
three different sets of model parameters by fixing m1,
m2, and γ1 while varying mX . In this event generation,
we assume fully inelastic scattering. Because of the in-
visible decay of X, we only consider mX < 2m1. Fig-
ure 5 shows the measured 90% CL upper limits from
the COSINE-100 data for the aforementioned model pa-
rameters compared with existing constraints from dark
photon search experiments [42]. In the specific case of
m1=6MeV, m2=7.5MeV, and γ1=20, our limits begin
to explore parameter regions that have not been searched
by any other experiment, though the specific model dis-
cussed in this paper needs to be assumed.
In summary, we have performed a first direct measure-
ment for evidence of inelastic boosted dark matter by
searching for energetic electrons and positrons produced
in the COSINE-100 detector with 59.5 days of data. The
COSINE-100 detector has a unique advantage in detect-
ing this signal because of the 2,200 L of LAB-LS that sur-
rounds 106.5 kg of low-background NaI(Tl) crystals. No
signal excess is found and, therefore, 90%CL limits are
set for various model parameters. An interpretation of a
dark photon interaction further explores a new parame-
ter space that has not been covered by other direct dark
photon search experiments, though it is highly model de-
pendent.
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